We characterize experimentally the influence of sample structure and beam focusing on signal level in thirdharmonic generation (THG) microscopy. In the case of a homogeneous spherical sample, the dependence of the signal on the size of the sphere can be controlled by modifying the Rayleigh length of the excitation beam. More generally, the influence of excitation focusing on the signal depends on sample geometry, allowing one to highlight certain structures within a complex system. We illustrate this point by focusing-based contrast modulation in THG images of Drosophila embryos.
Owing to the success of multiphoton-excited fluorescence microscopy, 1 biological imaging based on nonlinear coherent processes such as second-harmonic generation, 2 third-harmonic generation (THG), 3, 4 or coherent anti-Stokes Raman scattering 5 is receiving increasing interest. In these microscopies, the signal is a coherent superposition of the fields radiated by different objects within the excitation volume. Therefore the phase relation between the emitters is critical, and the signal depends on both the spatial organization of the scatterers and the structure of the driving field. 2, 6 A specificity of THG microscopy is that the signal generated by a beam focused inside a homogeneous, normally dispersive medium vanishes as a consequence of the Gouy phase shift experienced by the excitation beam near focus. 3, 6, 7 This effect makes THG imaging sensitive to inhomogeneities and has interesting consequences that need to be investigated to develop practical applications. In this Letter we look into THG as a function of beam focusing and sample geometry. First, we show how the signal obtained from a small object depends on both object size and beam focusing, in agreement with theoretical calculations. Then we demonstrate the influence of the focusing conditions on the signal generated from different structures. Finally, we apply these observations to structure-based contrast modulation in THG images.
THG imaging was performed with a custom-built scanning microscope incorporating photon-counting photomultipliers (Electron Tubes) and an optical parametric oscillator (APE) providing 200 fs pulses with linear polarization at 1180 nm. The THG signal was detected in the transmitted direction through a 0.9 numerical aperture (NA) condenser and a 390 nm interference filter.
We used a 20ϫ 0.95 NA water objective (Olympus) whose back aperture was underfilled to control the beam focusing. To this end, we introduced a pair of lenses forming a 2 : 1 beam expander before the microscope. By varying the distance d between the lenses, we controlled the divergence of the beam and therefore its diameter at the back of the objective, resulting in variable focusing after the objective. We calibrated the Rayleigh length z R of the focused beam as a function of d by measuring the full width at halfmaximum ␦ z of the axial profile of the THG signal obtained when scanning through the upper face of a glass coverslip perpendicular to the beam. For an unclipped beam with NAഛ 0.9, the shape of the profile is close to a squared Lorentzian with ␦ z Ϸ 1.3z R . Since ␦ z is a relevant measure of the axial resolution for THG imaging, we directly use it as a calibration parameter in this Letter. In our experiments, we varied ␦ z f r o m2t o6m corresponding to an effective numerical aperture in the range of 0.9-0.5. We corrected the small focus shift resulting from changes in beam divergence by adjusting the objective position accordingly.
First, we compared the THG signal obtained from individual polystyrene beads of different sizes for a given value of ␦ z [Figs. 1(d) and 1(e)]. We recorded images of monodisperse beads (Sigma) embedded in a 3% agarose gel. To reduce the imprecision due to excitation intensity fluctuations, we used samples containing two different bead sizes in the range of 0.1-3 m at a concentration of ϳ10 −3 beads/ m 3 .W e imaged small regions ͑30 m ϫ 30 m ϫ 100 m͒ in each sample and measured the signal obtained from the center of each bead in this volume. We then calculated the ratio of intensities obtained for every pair of bead sizes. The uncertainty on the ratio was taken to be the standard error of the mean. Combining the ratios obtained for different bead sizes, we finally obtained the curves presented in Fig. 1(a) .
Incorporating refractive-index dispersion into the formalism described by Cheng and Xie, 6 we estimated the THG signal obtained from a bead centered at the beam focus. For simplicity, we assumed a focused Gaussian beam shape in our calculations. The signal field produced at a position R in the collection optics aperture can be expressed as 6
where V is the sample volume, k 3 is the thirdharmonic wave-vector amplitude, and P THG ͑r͒ is the induced nonlinear polarization at the third-harmonic frequency at position r within the sample. Integrating the squared field for R varying over the detection solid angle, we obtained theoretical curves [ Fig. 1(b) ] in qualitative agreement with the experiment. We attribute the difference between experiments and simulations principally to the fact that our calculations did not take into account the beam distortion caused by the refractive-index mismatch between the bead and the surrounding medium [see, e.g., the asymmetric profile in Fig. 1(e) ].
We also measured the total THG signal generated during a volume scan of a bead, which is more relevant to imaging experiments [ Fig. 1(c) ]. Both data sets experimentally demonstrate that the signal reaches a maximum for a given bead diameter. Physically, the wave-vector mismatch introduced by the (tripled) Gouy shift and by index dispersion defines an axial interaction length over which constructive interference can occur. 6 Interestingly, the size for which the maximum THG signal is obtained critically depends on ␦ z because a reduction of the excitation NA (from 0.9 to 0.5) results in an axial spreading of the Gouy shift. As a consequence, the relative signal obtained from two objects of different sizes is a function of the focusing conditions. This remarkable property of THG microscopy could be exploited to realize a size spectroscopy of homogeneous spherical objects, e.g., by performing ratiometric measurements between different focusing conditions. More generally, it is of practical interest to study the influence of focusing on the signal obtained from different types of structures within the sample. We first considered the case of a single interface perpendicular to the beam by imaging the upper side of a microscope coverslip [ Fig. 2(a) ]. As expected, the signal from the interface decreases with defocusing of the excitation beam [ Fig. 2(c) ]. We then imaged a fixed concentration (5 ϫ 10 −5 volume fraction) of 0.6 or 3 m diameter beads [ Fig. 2(b) ], mimicking organelles in a biological system. In that case, the total signal increases with defocusing in the range explored here. Both effects are quantitatively accounted for by theory [Figs. 2(c) and 2 (d) ] and are due to the coherent summation of fields radiated from different points in the sample. When the beam is focused at the interface between two normally dispersive, semi-infinite media, the signal approximately scales as the third power of the intensity at the inter- face (i.e., as ␦ z −3 ) times the squared illuminated area ͑ϳ␦ z 2 ͒. Therefore THG scales as ϳ␦ z −1 . In contrast, two types of phenomena can cause an increase in total signal with defocusing when imaging a particlelike medium: (i) For beads smaller than ␦ z [0.6 m, Fig.   2(d) ], defocusing results both in an increase in the number of imaged objects and in individual bead oversampling, which counteracts the reduced excitation intensity. (ii) When imaging objects with size comparable to the excitation volume [3 m, Fig.  2(d) ], phase shift spreading caused by defocusing also extends the volume over which constructive interference occurs. In that case, the signal at the center of an individual bead increases with ␦ z in the range explored here.
A practical consequence of these observations is that specific focusing conditions can be chosen to enhance certain structures in THG images. We illustrate this point by structure-selective imaging in early Drosophila embryos, depending on ␦ z . For a tightly focused beam, the main signal arises from the external membrane of the embryo [ Fig. 3(c) ], whereas for a more weakly focused beam the signal arises mostly from internal m-sized organelles 8 [ Fig. 3(d) ]. We measured the signal obtained from the center and from the outer membrane of the embryo as a function of ␦ z (Fig. 3) . The membrane may be viewed as a tilted interface, whereas the center of the embryo can be compared with the images of polystyrene beads.
Indeed, the dependence of the signal on ␦ z is in both cases similar to that of Fig. 2 , confirming the role of beam focusing on the images obtained.
One application of THG microscopy is the analysis of morphogenetic movements in developing embryos, 8, 9 and it relies on imaging of internal structures. For that purpose, tissue THG imaging is associated with correlation analysis that detects the motion of m-scale objects and therefore does not suffer from a loss of axial resolution in the 2-6 m range (corresponding to ϳ0.6-1 m radial resolution). Comparing the two pictures in Fig. 3 , it is clear that the image obtained with a weakly focused beam better reveals the internal structures of the embryo (10ϫcontrast improvement relative to the outer membrane), which makes it more suitable for correlation analysis. This counterintuitive result is strengthened by the fact that weak focusing results in an increased signal level inside the embryo, which can be exploited to reduce image acquisition time.
In conclusion, these experiments have demonstrated the influence of beam focusing on the relative signal obtained from different objects in THG microscopy. We have shown how this simple approach to phase-matching engineering can be exploited to enhance structures of interest in THG images in a practical case. Such effects should be of particular relevance when imaging tissues and complex systems.
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